Abstract: Near-field optical probes have been used to produce a subdiffraction-limited observation area for fluorescence correlation spectroscopy (FCS) experiments on supported membranes. The design of a bent, etched fiber probe that is compatible with biological imaging in an aqueous environment is described. This probe design is used for proof of principle experiments to measure lipid diffusion in a fluid-supported bilayer. A reduction in excitation area of approximately one order of magnitude (relative to a confocal FCS experiment) is obtained with a probe aperture diameter of 140 nm. We also demonstrate a simple approach for modeling the autocorrelation decay due to diffusion within the excitation profile at the near-field scanning optical microscopy (NSOM) probe aperture. The use of probes with smaller apertures is expected to provide an additional order of magnitude reduction in the observation area, thus enabling the study of cellular membranes with higher concentrations of fluorophores than is currently possible with diffraction-limited techniques.
INTRODUCTION
Fluorescence correlation spectroscopy (FCS) is a powerful method for measuring single-molecule dynamics and has been widely used to obtain concentrations, diffusion coefficients, rate constants, and association/dissociation constants [1, 2] . FCS measurements typically use diffraction-limited optics of a confocal microscope to probe single-molecule dynamics in fluids using femtoliter (10 -15 l) observation volumes or in membranes using observation areas less than 1 μm 2 . Since FCS relies on the temporal analysis of fluctuations of the fluorescence signal, it is essential to have at most only a few molecules in the detection volume. Current confocal detection volumes limit the concentrations to the picomolar to nanomolar range. Since typical concentrations of biomolecules are often in the micro to millimolar range, various methods have been applied in attempts to reduce the observation volume for FCS measurements. These include the use of a total internal reflection geometry [3] and application of a supercritical angle objective to reduce the axial dimension of the observation volume [4] ; however, the re-duction in the axial direction for the supercritical objective results in an increase in the radial direction. Stimulated emission depletion (STED), a method based on the use of a second shaped laser pulse to stimulate emission of the outer edges of a diffraction-limited excitation spot created by an initial laser pulse, has achieved a five-fold decrease in the observation volume [5] . More substantial reductions have been obtained using subwavelength-sized apertures (holes) in thin films to produce attoliter (10 -18 l) [6, 7] , as well as zeptoliter (10 -21 l) observation volumes (the latter corresponding to an observation area in lipid membranes of 0.002-0.03 μm 2 ) [7] [8] [9] . Such approaches have significant promise for measurements in solution, as, for example, for single-molecule enzymology [9, 10] , and have also recently been applied to cellular imaging [7, 11] . Nevertheless, their applicability to studies in cells is likely to be significantly limited by the requirement for growing cells on the metal films used to construct the apertures and for membrane invagination into the subwavelength diameter apertures, which dramatically restricts the membrane area that can be probed.
The use of near-field optical probes to reduce the excitation volume/area for FCS measurements has been suggested in several recent reviews [12, 13] , and should in principle be compatible with reductions comparable to those achieved using arrays of apertures in metal films. Near-field scanning optical microscopy (NSOM) provides subdiffraction-limited optical resolution for biological imaging and is typically implemented using an optical fiber probe as an excitation source [13, 14] . The optical resolution is controlled by the diameter of the probe aperture with typical values ranging from 50 to 100 nm. The application of near-field optical probes for FCS measurements on cellular membranes is expected to provide a substantial advantage over the use of arrayed subwavelength apertures since one has the ability to image the cell surface at high spatial resolution [15] [16] [17] , in order to identify areas of interest, prior to conducting FCS measurements on targeted areas of the membrane. Although FCS has been successfully reported using an untapered fiber optic probe [18] , the use of fiber-based optical probes with nanometer-sized apertures has only recently been demonstrated in our laboratories [19] . This article reviews our recent advances toward fabrication of near-field optical probes for biological imaging [20] and our initial demonstration of the utility of these probes for FCS measurements in 2D membranes with subdiffraction-limited resolution [19] .
BENT FIBER PROBES FOR FCS-NSOM
High GeO 2 -doped single-mode fibers, obtained from Mitsubishi Inc., were used to make the NSOM probes. The fibers had a core diameter of 3 μm and core plus clad diameter of 125 μm. An 80° multistep bend (illustrated in Fig. 1A) was made approximately 1 mm from one end of a 0.8-m-long piece of the fiber [20] . This was accomplished using a spark-discharge-based bending apparatus which formed a radiused bend without twisting or damaging the fiber. We separately placed the end of the probe into the spark-discharge to form a hemi-spherically radiused profile as shown in Fig. 1B . The bent fiber probe was then submerged in buffered oxide etchant. Since these fibers had an approximately parabolic dopant profile over the core, preferential etching of the cladding relative to the core resulted in the production of a ∼3 μm basewidth, ∼3 μm high conical tipped structure (shown in Figs. 1B and 1C ) [20] . The etching procedure also provided a wide (60°) cone angle near the end of the tip for improved light throughput.
The 66-μm-diameter etched probes were then totally metalized with a ∼300-nm-thick coating of Al. An optical aperture was created at the tip of the conical structure using a focused ion-beam (FIB) to nanoslice off the desired amount of Al (a typical aperture is shown in Fig. 1C) . We routinely record a scanning electron microscopy (SEM) image of the aperture area for each of our NSOM probes during the FIB milling production step. To further confirm the size and shape of the aperture down on the sample surface, we image a test sample consisting of dye-labeled 40-nm-diameter spheres spin-coated in a thin (around 30 nm) polymer film deposited on a glass cover slip. The full width half maximum size of the smallest features in such a scan approximates the probe aperture diameter. In the case of the probe used for the FCS-NSOM data shown in this paper, a cross-section for the smallest feature in a D. VOBORNIK et al.
10 × 10 μm 2 image of dye-labeled spheres gives a value of 138 nm in good agreement with SEM data for the aperture (diameter estimated at 140 nm). A previous calibration curve for similar etched probes without the hemispherical profile showed that the transmission efficiency varied from 0.1 to 5 % for apertures ranging in diameter from 100 to 200 nm [20] . The hemispherical profile is an advantage for scanning samples with relatively large changes in topography, such as cell surfaces.
The nanoslicing results in a 600-nm-diameter nanometrically flat-topped probe tip. Provided the conical structure can be brought down close to normal (i.e., within a few degrees) to the sample surface, the aperture will effectively be in contact with the surface, ensuring that the sample is entirely within the near-field of the evanescent light field emerging from the probe aperture. The relatively large diameter of the flat-topped tip results in poor atomic force microscopy (AFM) topography, which fortunately is not an issue for flat membrane samples. In principle, the use of an FIB to drill a hole through the Al coating at the apex of the conical structure would avoid this problem. However, as was observed a number of years ago [21] and more recently [22] , the rather large grain size of the Al coating can give false indications to where the apex is when imaging directly down onto the conical structure. The large flat region of the tip does serve to decrease the tip pressure on the sample surface, a feature which will be very important for minimizing damage during FCS-NSOM experiments on cells.
The bent, etched, metalized, and FIB'd fiber was then glue-mounted onto an AFM stub to form a cantilever (Fig. 1A ) which can be used on any standard laser deflection distance-regulated AFM. The spring constant of the fiber probe is estimated to be ~200 N/m, making it a rather stiff cantilever. The cantilever is vibrated vertically at ~20 kHz using a z-piezoelectric driver (i.e., tapping or intermittent contact mode) to avoid producing damaging shear forces on the surface of the sample. Experiments were carried out on a combined AFM/NSOM microscope based on a Digital Instruments Bioscope mounted on an inverted fluorescence microscope (Zeiss Axiovert 100). A continuous-wave mixed-gas ion laser (Coherent, Innova 70 Spectrum) was used for excitation purposes (488 nm, 7-20 mW). For FCS experiments, typically 0.1-4 mW is incident on the cleaved end of the optical fiber probe, and the coupling efficiency is approximately 50 %. Fluorescence was collected with a 63× objective (0.75 NA), with appropriate filters to remove residual excitation (488-nm notch filter from Kaiser Optical Systems and band-pass filter 535AF26 from Omega Optical), and detected using an avalanche photodiode detector (Perkin-Elmer Optoelectronics, SPCM-AQR-15). Fluorescence was collected for 45-120 s for each measurement. To calculate the correlation data, the fluorescence signal from the avalanche photodiode detector was sent to a multi-tau correlator (Flex03LQ-12, correlator.com).
Recent work in our laboratories has demonstrated the utility of this NSOM probe design for fluorescence imaging of dry lipid monolayers and supported lipid bilayers in an aqueous environment with spatial resolutions below 100 nm [23] [24] [25] . We have also used this probe design for imaging cell surfaces, resolving nanoscale distributions of several membrane proteins and lipid domains [15] [16] [17] . An example illustrating our ability to resolve nanometer-sized caveolae membrane domains in fixed cells is shown in Fig. 2 . The fluorescence image shows many small, roughly circular fluorescent features that vary between 60 and ~200 nm in diameter. Quantitative analysis of the cluster size is shown in the histo -gram which gives an average diameter of 110 nm, in good agreement with the reported size of caveolae from electron microscopy [15] . These and related results demonstrate the ability of our NSOM probe design to image biological samples and indicate that NSOM has significant potential for studying membrane signaling complexes and membrane compartmentalization with resolutions that are substantially better than for diffraction-limited optical microscopy.
FCS WITH NEAR-FIELD PROBES
Initial attempts to demonstrate the feasibility of FCS measurements with near-field probes focused on measuring lipid diffusion in a supported phospholipid bilayer, as shown in the cartoon in Fig. 3 [19] . A 2D supported membrane was selected for an initial proof-of-principle experiment in order to make a direct comparison of confocal FCS with FCS-NSOM using well-known lateral-scale dimensions (i.e., by using SEM to accurately measure the probe aperture). The appropriate length scale along the optical axis is difficult to determine accurately for FCS-NSOM. This is primarily due to the uncertain contribution from the radiative component, which decays on the scale of the wavelength of light, emanating from the aperture compared to the evanescent component, which is more tightly localized, generally less than the diameter of the probe aperture for small apertures. Figure 4A shows typical correlation data for diffusion of Oregon green-1,2-dihexadecanoyl-snglycero-3-phosphoethanolamine (OG-DHPE) in a dioleoyl-phosphatidylcholine (DOPC) bilayer on a glass cover slip measured using a near-field probe (~140-nm-diameter aperture) with excitation at 488 nm [19] . The NSOM data presented are representative of results obtained for more than 10 different probes with aperture diameters that varied between 120 and 150 nm; in most cases, FCS curves were obtained for multiple areas of several different bilayers. For comparison, Fig. 4A also shows confocal FCS data obtained for OG-DHPE in a DOPC bilayer.
Both NSOM and confocal FCS data exhibit a fast correlation decay on the 1-10 μs time-scale that is attributed to intersystem crossing, and a slow correlation decay on the millisecond time-scale due to lateral diffusion of labeled lipids within the bilayer. The NSOM curve is shifted to shorter times, as expected based on the difference in excitation area for the two methods. The confocal data are modeled assuming 2D diffusion with a Gaussian excitation profile of radius 190 nm (calibrated with fluorescein) and yield a characteristic diffusion time of τ = 3.3 ± 0.3 ms and a diffusion coefficient of D = 2.8 ± 0.3 μm 2 /s [19] , in excellent agreement to a published value for the same system on mica (D = 3.1 μm 2 /s) [26] .
Fitting the FCS-NSOM data requires knowledge of the excitation profile at the end of the nearfield probe. Although the excitation intensity profile created by the near-field tip is not well known, it is not expected to be Gaussian [6, 27] , and a different model from that used for 2D diffusion using confocal optics is required to describe the correlation data acquired by FCS-NSOM. We assume that the excitation intensity is constant over the 5-nm bilayer thickness and that the probability of detecting a fluorescence photon from a fluorophore is constant directly under the aperture but falls off sharply beyond the metal-glass boundary due to the well-defined aperture, as observed in our previous work [16] . Therefore, we conclude that a circular step function is a good approximation for the radial observation profile under the near-field probe.
In order to examine the differences between Gaussian and step function profiles, correlation functions for 2D diffusion with Gaussian and circular, square, and elliptical step function observation pro- files were calculated numerically and shown in Fig. 5 [19] . All three step function profiles are significantly stretched at fast time-scales, compared to the Gaussian profile. The early correlation decay is attributed to the sharpness of the boundary, which allows fluorophore detection for very short time periods, in agreement with previous simulations for 3D diffusion in cubic and spherical observation volumes [28] . The similarity of the correlation functions for all three step function profiles indicates that variation of the probe aperture from a perfectly circular profile will not significantly affect the FCS-NSOM results. This is an important observation since imperfections in the tip aperture frequently lead to deviations from a circular profile and polarization of the excitation beam may lead to elliptical profiles.
Although no analytical solution has been found for the circular and elliptical cases, the square step function observation profile can be calculated as shown in eq. 1, where G D (τ) is the diffusional component of the correlation function, erf(ξ) denotes the error function, and τ' D = s 2 /4D where s is the half-length of a side of the square for the excitation profile [19] . Equation 1 is a special case of an autocorrelation function previously derived by Thompson et al. [29] . The fit of the experimental FCS-NSOM data to eq. 1 is shown in Fig. 4 and indicates that the square step function provides a good approximation for the anticipated circular profile for the NSOM probe. This is consistent with the calculated correlation curves for which the half-time of the decay varies by only 2 % for circular and step function profiles. The FCS-NSOM data yield a characteristic diffusion time τ for the lipid of 380 ± 40 μs, an order of magnitude faster than for the confocal measurement (τ = 3.3 ± 0.3 ms). Using our measured value for the diffusion coefficient of OG-DHPE in a DOPC bilayer, we calculate the effective radius of the excitation profile to be r = 2s/π 1/2 = 73 nm, in excellent agreement with our measured value of the tip aperture radius (r = 70 nm). Thus, we conclude that the FCS-NSOM observation area for the probe used (0.017 μm 2 ) is approximately an order of magnitude smaller than in the confocal geometry (0.11 μm 2 ). [19] .
To show generality of the above results, FCS data were also obtained for OG-DHPE diffusion in DOPC bilayers on mica; a comparison of confocal and NSOM data is shown in Fig. 4B . The brightness per molecule even for very thin mica (~10 μm) was typically a factor of 3 lower than that for a bilayer on glass measured using the same probe, which accounts for the much poorer-quality curve for the FCS data. Nevertheless, fits of the FCS-NSOM data give the expected probe radius of 70 nm. Diffusion of NBD-DHPE in DOPC bilayers on glass was also examined and gave similar results to OG, although also with lower brightness per molecule. Experiments using phase-separated bilayers containing ordered sphingomyelin and cholesterol-rich domains surrounded by a fluid DOPC phase gave more complex correlation curves that could be fit to two diffusing species, consistent with contributions from diffusion in both ordered and fluid phase regions or the bilayer.
Comparison of the NSOM and confocal data shown in Fig. 4 suggests a similar quality of data for the two experiments. However, it is important to compare the efficiencies under matched excitation conditions. The excitation intensity at the end of a near-field probe is a combination of evanescent and propagating components, and is thus difficult to measure. Therefore, we have measured the dependence of the FCS-NSOM brightness per molecule and diffusion time on the laser intensity coupled into the NSOM probe for comparison to confocal results [19] . The usable intensity range is limited by the signal to noise at low intensity and by damage to the probe aperture at high intensity. We have observed that above a threshold intensity (which depends on aperture diameter and Al thickness), the probe aperture apparently increases in size, due to deterioration of the Al coating. Figure 6 shows SEM images of a probe tip before and after FCS-NSOM experiments performed with excitation above this threshold intensity. There is some evidence of Al melting, or at least softening, which combined with a forceful tip interaction with the surface (due to the high spring constant of the probe), effectively pounds the Al, opening the aperture. An increase in the aperture size is also confirmed by imaging fluorescent spheres before and after the FCS-NSOM experiments. Larger fluorescence count rates are obtained after probe usage.
Variation of the laser excitation intensity over the limited range that we can examine shows no decrease in residence time with increasing intensity, indicating that photobleaching is not an issue in these experiments. This we attribute to the much shorter residence time of the molecules in the excitation volume, as compared to confocal. Furthermore, matching the triplet state photophysics observed for OG in the FCS-NSOM experiments with that observed in confocal FCS measurements indicates that the brightness per molecule is roughly 10 times higher for confocal than for NSOM at the same excitation intensity. There are a number of possible explanations for the lower brightness per molecule in the FCS-NSOM experiments. First, use of a higher numerical aperture objective, as employed for confocal measurements, will give approximately 2.5 times improvement in light collection efficiency. Secondly, the lower brightness may partially reflect errors associated with using the triplet yield to attempt to match excitation intensities. Third, bleaching effects due to the Al coating of the probe may contribute to a lower brightness in the NSOM-FCS experiments. Clearly there is significant scope for further improvements to the efficiency of our current FCS-NSOM set-up. These include the use of a higher numerical aperture objective to improve the light collection efficiency and optimization of the NSOM probe design to allow higher excitation intensities.
SUMMARY AND PERSPECTIVES
Having demonstrated the feasibility of FCS measurements with near-field probes, it is of interest to compare this approach to other methods used to reduce the FCS excitation volume. FCS-NSOM represents a significant improvement over the untapered fiber optic-based approach, and the approximately 10-fold reduction in observation area is already larger than the reduction in volume achieved with the supercritical objective or STED methods. NSOM can achieve observation length scales similar to those obtained with fixed arrays of subwavelength holes in metal films. In the context of single-molecule dynamics for membranes, the near-field probe approach has the potential to image a membrane at high spatial resolution prior to conducting FCS measurements on targeted areas of the membrane [15] [16] [17] . This is not possible with arrays of apertures since the cells must be grown on the Al film in which the nanoapertures are fabricated and only the areas of the cell membrane that grow into the nanoapertures can be interrogated. Furthermore, we have shown that FCS-NSOM data for diffusion in a 2D supported membrane may be analyzed using a simple analytical model, in contrast to FCS in a nanoaperture which significantly perturbs the shape of the membrane and requires the use of non-analytical functions to model the data [8] . Despite the obvious advantages of near-field probes for FCS, the high spring constant and lengthy fabrication process for the current probe design will require improvements. Recent work in our laboratory has shown that reduction of the probe spring constant by a factor of approximately 10 can be achieved by reducing the diameter of the optical fiber. These probes are compatible with scanning supported membranes at higher speeds without damage (manuscript in preparation) and facilitate more routine FCS measurements.
In summary, we have demonstrated the application of near-field optical probes to achieve an FCS observation area that is an order of magnitude below the diffraction limit. It should be possible to achieve an additional order of magnitude reduction in the observation area by using probes with smaller apertures. This will enable the study of membranes with higher concentrations of fluorophores than is currently possible with diffraction-limited techniques. More importantly, FCS-NSOM has considerable potential for observations on cellular membranes, which possess submicron features such as lipid domains and macromolecular assemblies, because the small axial extent of the near-field will minimize excitation of auto-fluorescence from the cytoplasm. FCS-NSOM may also prove useful for measurements in solution and two-color FCS applications where high concentrations of solutes are often required. Two-color applications with NSOM probes will be an advantage over confocal measurements where beam overlap is frequently problematic.
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